Although solar drainback systems have been used for a long time, they are still generating questions regarding smooth functioning. This paper summarizes publications on drainback systems and compiles the current knowledge, experiences, and ideas on the technology. The collective research exhibits a lack of scientific publications dedicated to the drainback technology, however a significant number of patents have been published, detailing innovative technical solutions towards improvements and reliability. Based on the evaluation of drainback hydraulics, a detailed classification of this technology has been developed, with a brief description of each hydraulic typology. The operating modes have been split into three stages: filling, operation, and draining, which have been studied separately. A difference in the minimal filling velocities for a siphon development in the solar loop has been discovered in various reports. Specific features of the operation mode have been described. For the draining, existing mechanisms to initiate the emptying process have been identified and categorised. Finally, stateof-the-art hydraulic components for drainback systems have been established, with emphasis on their requirements. Based on those findings, the authors suggest potential future research paths in order to fill the knowledge gap and disseminate the drainback technology.
Introduction
In solar thermal applications, drainback systems (DBS) provide simple protection against overheating and freezing of the applied heat transfer fluid (HTF), guaranteeing the reliability of the system in general. For a safe operation, three repetitive operating stages are necessary, namely filling, operation mode and draining. DBS do not only offer reliable freeze and overheating protection, but also a low level of maintenance. Fewer hydraulic components render the system simpler and more economically feasible. DBS are not susceptible to failure due to air entrainment, whereas it is a typical problem for pressurised solar thermal systems. In spite of the numerous advantages, DBS are widespread only in a few countries yet. One of the reasons of poor spread is the necessity of a careful hydraulics design and a scrupulous installation process. In addition, a lack of educated installers can also be a barrier. Indeed, trivial mistakes made during the installation of the different hydraulic components may lead to the failure of the system.
The aim of this paper is to synthesise the accumulated knowledge, experiences and ideas on DBS in order to discuss the strengths, weaknesses and improvement potential of this technology. Publications related to the drainback field have been scanned in a wide range including accredited scientific journals, project reports, conference proceedings and patent databases. Investigations have been carried out in English, German, Danish and French, but relevant information has also been translated from e.g. Dutch and Chinese. All evaluated publications have been split into four categories, as presented in Fig. 1 . The analysis shows that patents, with 2/3 rd of the total, are the main sources of knowledge when considering DBS, while the least frequent sources are journal publications. Fig. 1 . Share of references by category specifically dedicated to DBS, from over 100 evaluated scientific documents. Conference Proceedings include all the Proceedings from ISES EuroSun Congresses, the Symposium "Thermische Solarenergie" (OTTI) and the ISES Solar World Congresses (from 1999). Project reports include among others research from SERI (US), NREL (US), DTU (DK) and AEE Intec (AT). The databases Depatisnet, Google patent and Espacenet have been used for patents research.
The review is split into four sections. In Section 2, the basic principles of DBS, their evolution with time, a classification of the systems and their hydraulic peculiarities are presented. Section 3 deals with the three different stages of DBS operation, i.e. operation mode, filling and draining processes. Section 4 is entirely dedicated to specific DB components and materials, as they appear to be one of the main issues with DBS. The review concludes with a short summary of the main results, and a discussion.
DB concept, evolution and classification
A drainback system corresponds to a "solar thermal system in which, as part of the normal working cycle, the heat transfer fluid is drained from the solar collector into a storage device when the pump is turned off, and refills the collector when the pump is turned on again" (ISO, 1999) . This unique attribute to empty the collectors and to refill them again requires a careful design and the consideration of a number of DB specific rules. Different hydraulic configurations and multiple strategies for a successful draining have been developed over the last decades Suter et al., 2003; Botpaev and Vajen, 2014a) .
The DB concept
It has to be emphasized that not only drainback systems are capable of emptying the solar collectors. Besides drainback, there are two other types of solar thermal systems with "draining" attributes, namely: draindown and steam-back systems. Drainback systems refer to solar thermal systems in which the drained HTF is collected in a storage device, which is part of the solar collector loop hydraulics. On the contrary, a draindown system describes a "direct solar heating system in which the water can be drained from the collector and run to waste, usually to prevent freezing" (ISO, 1999) . Draindown systems (DDS) are also sometimes called drainout , and require an additional HTF source (e.g. water net) for the refilling. DDS hydraulically isolate the storage tank by means of automatic valves in order to drain the rest of the solar collector loop (Jorgensen, 1984) . A last technique is the so called steam-back concept, where the heat transfer fluid is pushed out of the collectors in an external reservoir during the stagnation phase, due to vaporisation (Harrison and Cruickshank, 2012) . However the principles of the steam-back are beyond the scope of this paper.
The numerous advantages and drawbacks of DBS mentioned in the literature are summarized in Table 1 in alphabetical order. The most common ones such as a simple freezing protection or requirement for a careful installation of the piping, are given by most of the sources, while some more specific ones are more rarely discussed. It has to be emphasized that different sources can provide opposite statements for the same subject, e.g. cost considerations. Lower system costs can be achieved due to several advantages mentioned below (no overpressure, water as HTF, less components, use of plastic materials) . This assertion has to be carefully considered, as economic comparisons ESTIF, 2003; show that existing DBS are not necessarily the cheapest systems. Jack et al. (2014) even describe DBS as an expensive solution, unfortunately without further explanation.
Less components
Depending on the type of DBS some components such as the pressurized expansion vessel, the safety valve, the check valve, and the heat exchanger can be removed in the primary loop (Thiesen, 2009; Mugnier et al., 2011; Frank et al., 2014) .
Lower and easier maintenance
No overheating, less components and water as HTF cause less maintenance. Moreover maintenance is facilitated, as the system is already drained when not active (Jorgensen, 1984; Kutscher, 1984; ESTIF, 2003; Suter et al., 2003; Mugnier et al., 2011) .
No overpressure For unpressurized DBS only. Ensures a better system safety and creates good preconditions for polymer application (Suter et al., 2003) .
Not susceptible to failure due to air Air in the solar collector loop is even mandatory for DBS, whereas it is often a typical problem for conventional pressurised solar thermal systems (Botpaev and Vajen, 2014b; Vögelin, 2014) .
Performance improvement
The thermal performance of DBS is improved in comparison with conventional ones, in particular with water as HTF (increased heat exchange capacity rate) and in case of direct charging of the storage without a heat exchanger (increased collector efficiency) (Goumaz and Duff, 1981; Leibfried and Strok, 2005; .
Plastic materials compatible
As a direct consequence of an unpressurized system and automatic overheat protection; plastic materials can be used in the solar collector loop much easier .
Protection against freezing
DBS are inherently freeze protected as the HTF drains from the collector(s) and outside piping when the solar collector loop is not in operation (most sources).
Protection against overheating
As for protection against freezing, DBS are intrinsically protected against overheating of the HTF. The collectors are drained when the temperature in the primary loop reaches a critical limit, e.g. if the tank is completely charged. The protection is also guaranteed in case of power failure (Suter et al., 2003; Kusyy and Vajen, 2011; Mugnier et al., 2011) .
Specific use Systems well suited for applications with discontinuous loads such as schools, sport centres, hotels, industries, etc., as long stagnation phases do not lead to mechanical stress and HTF degradation (Mugnier et al., 2011; Pott et al., 2013) .
Start after stagnation
In case of stagnation, the system might be started again later during the day if conditions are reached, which is not the case for conventional systems (Pott et al., 2013) .
Water as HTF Present several advantages: -no HTF property changes which could lead to corrosion in the collector loop (Goumaz and Duff, 1981; Suter et al., 2003; Frank et al., 2014) ; -heat transfer properties of water are better than for other HTF (heat capacity and thermal conductivity are higher and viscosity is lower) (Suter et al., 2003; Eisenmann et al., 2003) ; -water is cheaper than other HTF, easily available and non-toxic (ESTIF, 2003; Suter et al., 2003) .
Drawbacks Careful installation
All the components (collectors, piping, valves…) located in the freeze-prone zone have to be installed in a way that no water remains after draining, which could damage the system in case of freezing. This might be compensated using an HTF with antifreeze, thus losing some advantages of DBS (most sources).
Cavitation
Most DBS are unpressurized; the net positive suction head (NPSH) of the pump(s) must be taken into account to avoid cavitation (Tully, 1981a; Mugnier et al., 2011) .
Choice of components
The assortment of applicable components for DBS (especially solar collectors and pumps) is limited, as their hydraulics does not always allow a complete draining (Suter et al., 2003) .
Corrosion
In open systems, corrosion resistant components are required to avoid oxidization from ambient air. A closed solar circuit might be chosen, in this case the construction of an air tight system is an issue, as underpressure in the solar collector loop hydraulics favours ambient air to be sucked in (Helgesson et al., 2000; Bokhoven et al., 2001; Mugnier et al., 2011) .
Flow balancing
The presence of air in the primary loop might complicate the balancing of the flow rates in parallel collector arrays with different pressure drop characteristics (Kratz and Van Dam, 1999; Mugnier et al., 2011) .
Noise level
The splashing of water from the flow pipe in the DB vessel might result in undesirable noises. The design of the downcomer must take this issue into consideration (Andersen, 1988; Boye-Hansen and Furbo, 1995; Menicucci, 2011) .
Organic matter formation
Open loop design can foster the growth of organic matter in the solar collector loop (Norbäck et al., 1984) .
History of DBS
It is often mentioned that drainback systems were developed in the 1980s in the Netherlands (ESTIF, 2003; Visser and Peter, 2003) . Governmental regulation towards drinking water quality played a crucial role in the development of DBS. According to this regulation, additives in circulating heat transfer mediums were allowed in the solar collector loop only once a double wall heat exchanger was installed or a second additional heat exchanger connected in series was applied. These preconditions fostered the development of the solar thermal branch in this country towards DBS, because water as circulation fluid without double walls heat exchanger in the solar loop was an economically feasible solution (Furbo, 2003) . DBS "captured" the Dutch market and represented at the beginning of the 2000s 80% of the total solar thermal installations in the country despite modifications of the former governmental regulations (ESTIF, 2003) . This widespread of DBS in the Netherlands became one of the successful milestones in the history of this technology. The DB principle is however an older approach already known before the massive penetration on the Dutch market in the 1980s. A century ago the solar collector loop was manually drained for the whole winter in order to prevent frost damages in the solar heater (Bailey, 1917; Gould, 1930) . The idea to use full automatic draining and refilling processes in solar thermal systems appeared later in the 1940s. The research has revealed a US patent from 1949 (Christenson, 1949) which describes a solar thermal system with similar features to DB/DD systems. A special hydraulics was proposed to automatically drain the water out of the upper parts into a special tank "in cold climate at night". Hastings (2005) claims that the first MIT solar house built in 1939 was designed with the DB concept. However further information on the hydraulics and operation principles of that system could not be found. According to the previously mentioned sources it can be concluded that the first ideas and implementation of DBS might have come from the US.
A real interest for solar thermal systems and in particular for DBS was awakened after the first Arab oil embargo in 1973. About 5,000 solar thermal systems were installed in US in 1974, whereas in 1980 the number of solar installations had increased to 160,000 (Hirshberg, 1981) . A similar scenario is observed in other countries, as well as in Europe, where the oil crisis stimulated the interest for solar applications. The research pointed out that during this period (between 1976 and 1980) a significant number of DBS/DDS inventions were patented in the US and in Europe, showing the first strong interest for this technology (Cronin et al., 1977; Baardman, 1979; Busch et al., 1979; Cartland, 1979; Duval et al., 1981) . The primary objective of DBS/DDS was to use water as circulating fluid and to "drain it back" to eliminate freezing issues. Additional operational peculiarities such as the unpressurised solar loop create a perfect compatibility with plastic components. Early attempts towards combination of DBS with polymers were proposed in the 1980s Perers, 1988) . DBS in combination with plastic collectors were further experimented in the mid-90s in Norway, but due to weaknesses in the collectors the manufacturing has been interrupted. Since then, similar concepts with plastic components appear regularly on the market, for instance in the mid-2000s DBS with unpressurised polypropylene (PP) storage (Consolar, 2014) or DBS with plastic collectors (Magen eco-Energy, 2014).
Meanwhile, there are at least 50 different DBS available on the global market (Botpaev and Vajen, 2014a) . Each system has its own peculiarity in hydraulics and operation. DBS are widely used in a few countries such as Netherlands, Norway and Belgium. In the USA, Spain, Portugal, Italy, France and Switzerland DBS are also relatively popular, but represented on the market with a share below 20% (Botpaev and Vajen, 2014a) . DBS size can vary from a couple of square meters up to several thousands. One of the largest DBS, with 2400 m 2 of collector area, has been constructed for industrial heat for a confectionery factory in Breda, Netherlands (Bokhoven et al., 2001) .
Summarizing the previous paragraphs, four main driving forces in the development of DBS can be emphasized:
 Arab oil embargo in 1973: growing interest for alternative energies and first massive development of several configurations of DBS/DDS.  Regulation towards water quality in the Netherlands (1980s), first country with high market penetration from DBS.  Research in plastic components for solar thermal application.  Economic competitiveness of DBS (see also Section 4).
Hydraulic configurations and classification of DBS
The ways to design DBS are multiple and there is a necessity to classify them according to their characteristics. One of the most common approaches to classify DBS is to make the distinction between open and closed systems, i.e. systems vented to the atmosphere or not (Kutscher, 1985; Suter et al., 2003; Botpaev and Vajen, 2014a) . Open systems can be applied with plastic materials, due to low pressure in the solar collector loop; whereas in a closed loop between 110 and 150 kPa (Kaiser et al., 2013b; up to 300 kPa (Suter et al., 2003) can be expected as a maximum (absolute pressure). Another classification, which may apply to all solar heating systems, is to distinguish between direct and indirect systems, i.e. depending if the water delivered to the end user is directly circulated in the collectors or not . Nowadays the focus seems to be exclusively on indirect systems (Botpaev and Vajen, 2014a) , among which the main distinction is to be made between collector-side heat exchanger (HE) and load-side heat exchanger (Kutscher, 1985) . Botpaev and Vajen (2014a) proposed to classify currently existing DBS furthermore according to their DB volume, either an external DB tank, an oversized heat exchanger or the heat storage itself. Fig. 2 summarizes those different classifications. Additional categories appear such as DD thermosiphon systems, described by Kutscher et al. (1984) but rarely addressed in the literature, and sub-divisions for direct systems also given by the same author. Moreover the distinction between open and closed loop systems does not appear on the figure as most categories described can use either one or the other. In the following sections, the different configurations are reviewed with further details. Kutscher et al. (1984) , Suter et al. (2003) and Botpaev and Vajen (2014a) .
DB with air compressor
It consists of a constantly pressurized direct DBS, with an additional air compressor used to maintain the pressure in the system when it drops below a certain level, due to air leakage to the surroundings . Early patents came out with this concept, which is depicted in Fig. 3a . Cartland (1979) and Prieur (1980a) proposed different versions of the concept; one important part in the system is the device used to activate the compressor (respectively a float and a water level sensor).
One major drawback is that in case of long power disruption, the water level in the hydraulics cannot be controlled anymore, and freezing damage could occur . With such systems, the essence of the DB concept (safe draining in any situation) is therefore distorted. A pressurized DBS without additional compressor was first proposed by Prieur (1980b) , before he noticed that losses of pressure had to be compensated (Prieur, 1980a) . For that reason, the system does not seem to have raised a lot of attention as recent literature has not been found on the topic.
Direct DBS with unpressurized storage tank
Like for the previously mentioned system, references to direct unpressurized DBS are very limited. The DBS with water level control mentioned by Kutscher et al. (1984) is one option, which is presented in Fig. 3b . The water level in the tank is adjusted via a valve controlled by a floating device monitoring the water level. The system being unpressurised, a second pump is required for water distribution. More recently, Atkinson (2012) proposed the use of an additional header tank where the water level is controlled. This potentially enables a decrease of the static head to be overcome at startup of the system, but is not intrinsically different from the solution described by Kutscher et al. (1984) .
Draindown
The draindown configuration is slightly different from all the others as explained in section 2.1, as the fluid is drained to the outside and therefore not reused. Kutscher et al. (1984) described two types of strategies for draining such systems, either when a frost danger occurs or simply each time the pump stops. The latter present the drawback of wasting a significant amount of water. Moreover studies have shown that the weakest point of draindown systems is the use of automatic valves not being fully reliable and requiring maintenance in most cases (Kutscher, 1984) . Jorgensen (1984) noted in his study that 85% of the draindown systems monitored were prone to problems, with an average of more than four problems per system. In addition, it has to be considered that automatic valves might increase parasitic energy consumption .
Several designs have been proposed, but the main aim is to isolate the storage tank thanks to automatic valves in order to drain the solar collector loop. A typical hydraulic scheme is described in Fig. 3c , derived from Cronin et al. (1977) and Scharf et al. (1980) . Specific complex valves have been developed (Duval et al., 1981) but simpler solutions have also been proposed (Meucht, 1994 ). An advantage of the draindown configuration is the absence of the need to overcome the static head, the system being filled due to the network pressure. A further solution was also proposed by Baardman (1979) and by Oquidam (1980) , in order to avoid the incoming of fresh water every time the system is filled up; which is potentially dangerous in regard to lime deposit and corrosion. In this case, an additional heat exchanger is required between the solar collector loop and the storage tank, resulting in a hybrid draindown system with collector-side heat exchanger, close to the systems described in section 2.3.5. More precisely, it consists in coupling the primary loop and the water network via a vessel composed of two chambers separated by an elastic diaphragm. The diaphragm transmits the pressure of the network to the HTF contained in the chamber connected to the solar collector loop, keeping the system filled. Disconnecting the second chamber from the water net and draining it to waste, leads to the emptying of the solar collector loop inside the first chamber.
Most literature found on draindown configurations date back from the late 70s, and it seems that currently this solution has lost interest, certainly because of the mentioned issues.
Draindown thermosiphon
This type is briefly mentioned by Kutscher et al. (1984) and is described in Fig. 3d . It simply consists of a thermosiphon system with the additional possibility to drain down the collector thanks to automatic valves. The same issues as the one described for the DDS may occur. Draindown thermosiphon systems are rarely mentioned in the literature, nevertheless Morrison et al. (1999) mention the widespread use of such systems in China. Indeed a large number of patents have been published in the last years, proposing complete hydraulics solutions (Dong, 2010; Hou, 2012) , or specific devices and valves, such as Jichang (2007) and Fuxian (2013) , aiming at automatically draining outside piping, to mention only few of them. The purpose of all those solutions is to prevent the freezing of the thermosiphon solar heating system in winter. also studied freeze prevention valves in such configuration in the US, showing that the annual waste of water is highly impacted by the climate, from less than 380 l in the south of the country to more than 38 m 3 for most of the northern part, for a typical solar domestic hot water (SDHW) system.
DB with collector-side heat exchanger
Drainback systems with collector-side heat exchanger are the most commonly applied DBS on the market (Botpaev and Vajen, 2014a) . In this configuration, an additional DB volume has to be added in order to gather the HTF when the system is not in operation. Two configurations exist for this system, which depends on the device used as DB reservoir (Botpaev and Vajen, 2014a) . The first option and the most common one is the use of an external DB tank ( Fig. 3e) , while the second one consists in oversizing the heat exchanger and using it as DB volume (Fig. 3f) . The latter was proposed by Fossum and Fossum (1996) and by Schabbach and Wagner (2003) with internal heat exchangers. Since then, the concept has been taken over by several companies (Botpaev and Vajen, 2014a) . A simpler design, with a mantle heat exchanger is also described in Boye-Hansen and Furbo (1995) .
The location of the DB volume is an important parameter as it determines the static head the pump has to overcome at the start of the system (Botpaev and Vajen, 2014a) . Locating the reservoir as high as possible is often recommended (Suter et al., 2003) ; however, in order to achieve a compact design, it was also proposed to integrate the DB reservoir inside the storage tank, at the bottom, only separated by a partition wall (Eurometaal N.V., 1983; Van Dam and Overman, 1994) . This kind of compact design is typically used in the Netherlands (ESTIF, 2003 ). An alternative, others proposed to locate the DB reservoir just below the collector (Vögelin, 2005) , or even to integrate it at the bottom of the collector (Patterson, 2005) . This solution enables the use of smaller pumps but in return, a HTF with anti-freeze has to be applied in cold climates.
2.3.6. DB with load-side heat exchanger As the previous system, a DB with load-side heat exchanger is an indirect system (Fig. 3g) , which presents the advantage of having an unpressurized, or low-pressure solar collector loop and heat storage, depending if the system is open or closed.
Compared with the previous solution, the additional DB reservoir is avoided, however, Kutscher (1985) calculated that in order to achieve the same yearly performance as with a collector-side heat exchanger design, the heat exchanger in this case has to have a four times larger surface area. A tank-in-tank design is another option to cope with this issue (Kutscher, 1985; Perers et al., 2015) . Some authors also proposed the use of an additional DB tank in this configuration, notably in the case of high buildings, in order to minimize the pump power at the start of the system (Pei, 1982; Perers et al., 2015) . This solution might however hamper the installation of a low-pressure buffer heat store.
2.3.7. DB with heat store located higher than the collectors This very specific case was described by Suter et al. (2003) and requires some additional parts to make the draining feasible. A possible option for the hydraulic is shown in Fig. 3h . Another possibility is to use an external heat exchanger between the DB tank and the heat storage. This second solution requires an additional pump. Previously, Prieur (1980a) proposed a more complex solution, in a pressurized DB circuit with air compressor; the pressure of the air being adequately set in order to empty the collectors when the pump is not in operation.
2.3.8. Low-flow DBS DBS were designed for high flow or what was thought of as normal flow as mainly the collector performance was considered and a test flow of 1.2 l per minute and m 2 was the reference. Very soon around 1980 came the first publications about the merits of low-flow for the system as a whole, which can enhance the stratification in the storage and reduce the average collector temperature as seen over the whole day. This is true especially at the end of the day, when a high flow system stops quite early, as the tank bottom is already half warmed up, whereas it is still cold in a good low-flow system and the collector can continue to operate. An overview of the low-flow principle and performance merits are given by Hollands and Lightstone (1989) . The performance advantage of a well-designed low-flow system was investigated in a side-by-side test of 3 systems at DTU (Furbo, 1987) . This system test showed a 20% performance improvement of low-flow over a standard design high flow system. BoyeHansen and Furbo (1995) compared the simulated yearly performance of a low-flow and a conventional flow DBS (resp. 0.15 and 1.0 l min -1 m -2 ) and also found an improvement of around 10-15% in the low-flow case. 
Operating modes of DBS
A unique attribute of DBS is the repetitive three stages operating mode: filling, operation mode and draining of the HTF from the system. The main function of the filling is obviously to fill the solar collector loop. Simultaneously, the air should be usually completely removed from the upper part of the hydraulics and collected in a special DB volume. Once a single-phase flow is established in the loop the operation mode starts. It has almost the same purposes as a conventional pressurized solar thermal system, aiming to gain the solar energy yield. The only differences are other operation conditions and the control strategy of the pump. When the pump is stopped, a gravitational draining process occurs automatically. The draining has a protective function for drainback solar thermal systems. Empty collectors exclude both overheating problems during stagnation and frost damages in cold periods.
The filling process
Once an appropriate temperature difference between the collector and the lower part of the storage is achieved, the control unit activates the pump. The filling process is initiated and continued several minutes. During the filling the pump should overcome not only the frictional flow resistance through the hydraulic components, but also an elevation head. The elevation head is the height between the water level in the drainback tank when the system is not in operation and the top of the hydraulics. The elevation head is one of the decisive parameter in the choice of the pump(s). One of the distinctiveness of the filling process is a variable operating point of the pump(s) (Tully, 1981a) , hence the system curve is continuously changing (Fig. 4) . The HTF first fills the return pipes, then the collector(s), overcomes the highest point of the hydraulics and finally the flow pipe. Once the system is completely filled, a constant operating point is achieved ("after siphon" on the figure). This variable operating point is a real challenge for the operational efficiency of the pump(s) in DBS. When single speed pumps are used, they have to be oversized in order to be able to fill the loop completely. This causes a high electricity consumption, which is considered as one of the drawback of the DB technology (Tully, 1981a; Kutscher et al., 1984) . Fig. 4 . Pump operating points during the filling process (Tully, 1981a) .
Flow rate and pressure measurements of a DBS during the filling process are presented in Botpaev and Vajen (2014b) and transposed in Fig. 5 . This drawing shows the hydraulics of the DBS, the positioning of the measurements sensors (Fig. 5, left) and the typical behaviour of DBS at start. For a better comprehension the Xaxis (Fig. 5, right) , that reflects the time in seconds, was additionally split into several stages and designated with capital letters. The stage AB corresponds to the non-operated system and the two serially connected pumps are started at time B. The spike of the flow rate at the beginning of the filling process (MID_return at t = 22 s) is typical for DBS. As the pumps should overcome not only the frictional resistance through the hydraulic components, but also the vertical lift head the operating point of the pumps moves to the left (Fig. 4) causing a continuous reduction of the flow rate (Tully, 1981a) . At approx. t = 25 s, the HTF reaches the highest point of the hydraulics and flows further through the flow pipe. The magnetic-inductive flow meter (MID_flow) detects the flow and displays wrong fluctuating values, due to air bubbles. The air bubbles are pushed by the flow into the storage creating a siphon in the loop. The siphon in turn supports the pumps and cancels out the initial lift head. This is expressed by an increase of the flow rate in the return pipe and the appearance of an underpressure at the top. In C, the process is stabilized and the collector loop is fully filled with water. Several schemes of successful/failed filling processes are presented in Fig. 6 . From the left side is shown a failed filling process, as the chosen pump was not able to overcome the elevation head. The fluid reaches a certain height below the collector, afterward the circulation ceases. The graph on the right side presents the finished filling process with an established siphon, thus a full flow is observed in the downcomer. In the middle a double phase flow of air and water circulates in the flow pipe. Such regime occurs when the fluid velocity is not sufficient to remove the air from the loop, due to the small capacity of the pump or an oversized diameter of the downcomer. Air is completely removed during the filling process, and the siphon established only if the HTF velocity exceeds a certain minimal value. Tully (1981a) and Seiler (1982) mentioned that the required velocity should be at least 0.3 m/s in order to fill the solar collector loop completely. In their report, Rühling et al. ( 2013) presented a comparison of different filling procedures for conventional pressurised solar heating systems. One of the investigated filling procedures, so-called "quick rising filling" is very similar to the filling process in DBS. The authors reported that a minimal "cleaning" velocity of 0.4 m/s is mandatory for a successful termination of this filling procedure. They also experimentally confirmed that this filling method is more appropriate for small size solar thermal systems with a restricted static height and small diameter of the piping.
One of the earliest attempts to experimentally figure out the minimal flow rate for siphon establishment in DBS was undertaken in the 1980s . They demonstrated the influence of the flow pipe diameter on the filling process. An experimental setup of a drainback system was constructed from copper pipes. The methodology of the experiments consisted in continuously increasing the flow rate and observing the established flow. Once a siphon was established, the flow rate was recorded. The results confirmed the development of a siphon in the downcomer with a diameter of 12.7 mm at a velocity of 0.21 m/s, whereas for a 19 mm tube the required velocity is less than half of the previous one, 0.09 m/s. Different hydraulics with the same piping diameters also showed a variation of approx. 7% of the minimal velocities, therefore suggesting the impact of the solar loop design on this minimal required velocity. However, it was not specified whether the piping arrangement or the height of the hydraulics was the reason for this deviation.
Boye-Hansen and Furbo (1995) presented a report on DBS, where the "critical" fluid velocity which guarantees a single flow for straight and bended pipes was summarised. These experimental results are taken from a previous work of Mikkelsen (1988) . Kaiser et al. (2013a) also conducted similar experiments to derive the minimal flow rate for the "cleaning" of the air in the downcomer. The hydraulics of the DBS was constructed with transparent PMMA pipes for visual observations of the processes. Pipes with different diameters and bends were systematically filled with different flow rates. The minimal desired flow rate which eliminates the air from the loop was derived for vertical pipes alone and vertical in connection with 90 degrees elbows. Moreover, the filling process was also investigated with propylene glycol as HTF, which confirmed the requirement of lower velocities for siphon establishment in comparison with water.
The results of the above mentioned investigations are summarized in Fig. 7 .. Particular emphasis should be on the non-homogeneity of the results, especially for the piping with a diameter around 20 mm. Moreover, trend curves show various correlations. While the minimal velocity is continuously increasing with the pipe diameter in BoyeHansen and Furbo (1995) it is not the case in Kaiser et al. (2013a) where the velocity curve shows a minimum around 16 mm. Measurement uncertainty, methodology of experiments, boundary conditions might be a reason, as they certainly play a role, but were partly specified in all the studies. The filling behaviour above the minimal "velocity" has been investigated in (Botpaev and Vajen, 2014b) . They measured a deterioration of the deaeration process with reduction of the filling velocity. An indicator for the assessment of this process was an integral of the flow rate curve within the duration of the filling process.
Siphon establishment is however not always desired during the filling of DBS. Frissora (1981) focused on developing an evacuated tubular collector (ETC) with a double chamber, the overflow of the first chamber only partially filling the second one, connected to the flow pipe, thus ensuring a non-siphonic flow in the downcomer. One of the earliest comparisons between the oversized flow pipe or trickle-down design preventing siphon formation and systems with siphon return was presented in Tully (1981b) . Kratz and Van Dam (1999) patented an invention, which aimed at optimizing the filling process of DBS with several parallel collector fields. In practice some collectors are located higher than others, which leads to a faster filling of the lower positioned collectors compared to the others. As water passes through the "lowest" rows, a siphon starts building up in those rows, disturbing the filling process of other collector rows, and leading to a decrease of energy production capacity. They suggested to oversize the diameter of the flow side pipes, preventing siphon establishment. In this case a two-phase flow is continuously observed in the flow side (Fig. 6 , in the middle). The main disadvantage of such a solution is that the pump always has to overcome the static head, leading to increased power consumption (Goumaz and Duff, 1981) .
For the filling of large collector fields, an alternative solution was proposed by Gößlinghoff (2010) , where the siphon effect is conserved for complex hydraulics. Automatic valves are mounted at the inlet of each collector row. A successive opening and closing of the valves during the start of the system ensures the complete filling of each row separately. Thus, a successful filling of the entire DBS is achieved avoiding oversizing the pump capacity.
It is important to emphasize that investigations concerning the entry, control and release of air in/from pipelines are still relevant. The issue of air removal in pipelines is the focus of numerous researches (Lauchlan et al., 2005) , where the minimal water flow rate for preventing air accumulation in pipelines is determined either experimentally or analytically. This knowledge can be partly derived for DBS, and new correlations (Pothof and Clemens, 2011) might be utilized for a better comprehension of air-water mixtures behaviour in DBS. The factors mentioned previously in this section make it clear that a correct filling process is essential for a smooth functioning of DBS. During this stage, the pump operating point is variable and the termination of the process happens either with or without establishment of a siphon flow. To achieve a single phase flow in the downcomer, a minimal flow velocity should be exceeded, which depends on the pipe diameter. Nevertheless further investigations should be carried out in this direction, as all impacting parameters have not been studied in detail so far.
The operation mode
The operation mode of DBS is similar to the one of conventional pressurised system, aiming at maximizing the solar energy yield. The HTF is heated up in the collectors and then the energy is delivered to the heat storage. Nevertheless, additional nuances have to be taken into consideration due to the specific operation conditions in DBS. An unpressurized solar collector loop is one of the main differences between DBS in comparison with conventional solar thermal systems. As a consequence, the pressure at the top of the hydraulics is often below atmospheric pressure, if a siphon is established in the loop (Tully, 1981b) .
A stationary operation mode is seen in Fig. 5 on the right side of point C, as detailed in Botpaev and Vajen (2014b) . The water completely fills the flow pipe and an underpressure is established at the top (about 60 kPa in this case).This vacuum pressure at the top can be calculated using Bernoulli's equation (Botpaev et al., 2014) :
P1, P2 being the static pressure respectively at the top and the lowest point of the flow pipe, ℎ the hydrostatic pressure and 2 the dynamic pressure. The dynamic pressure is, in a normal operation mode, equal in both parts of the equation, assuming that flow rates and piping diameters are identical. Thus, the static pressure at the top is:
From equation (2) appears that the reduction of the pressure at the top is proportional to the water head in the flow pipe, i.e. the height from the air gap at the end of the downcomer to the upper point in the flow side. It has to be noticed that this is the theoretical maximal value of the underpressure, as the pressure drop between 1 and 2 is not considered.
The underpressure influences the operation of DBS. First of all the water tightness of piping connections at the top is not easy to detect. Water droplets do not appear at the pipe surface, but instead air is sucked inside. Furthermore, even if the fittings are sealed against the circulating fluid, they hardly prevent the penetration of air molecules inside (Mikkelsen, 1988) . Another significant influence of the underpressure is a lower boiling point of the HTF. A comprehensive example of this physical phenomenon was presented by Kutscher et al. (1984) and is summarized in Table 2 . For instance at 1500 m above sea level, with a water head of 6.4 m in the DBS, they state that the boiling temperature could reach 60 °C. Boiling has a negative influence and should be avoided. According to Kutscher et al. (1984) two methods can be applied for this purpose: a periodic pressurization of the entire collector loop or the usage of a vacuum breaker. Positioning the valve below the collectors allows to eliminate the underpressure at the top. suggested to avoid this underpressure by means of an appropriate pump and a pressure sustaining valve at the end of the downcomer. By reducing the flow pipe size and having an extra adjustable flow resistance/throttle valve, close to the inlet of the drain back volume a slight overpressure can be maintained in the whole collector loop (Tully, 1981b; Rühling et al., 2013) . For a low-flow system the loop has to be designed with smaller pipe diameters and a flow restrictor. Table 2 Boiling point of water at various pressures The water level in the heat storage/DB reservoir is another important aspect for the operation, which has to be regularly observed. The drainback tank should be between 3/4 and 7/8 full when the system is off, and between 1/8 and 1/2 while in operation (ASHRAE, 1990) . "Levels outside these ranges signify potential problems" warns the ASHRAE. Botpaev and Vajen (2014b) investigated the phenomena at stakes and showed that the water flowing downward in the DB tank causes air entrainment due to vortex and splashing effects (Fig. 8) . The investigations concluded that the depth of the air entrainment depends on many parameters such as the shape of the drainback tank, the water level, the velocity of the HTF, and the height of the air layer inside. The depth of air entrainment can exceed 20 cm due to splashing, therefore it is desired to avoid it "by transforming the falling fluid energy into something else". As alternative the inlet pipe can be submerged. Such kind of measures can reduce both noise and air entrainment. Corrosion is another concern that has to be considered especially for open DBS, where fresh air with oxygen is permanently penetrating into the solar loop. Tully (1981a) reported that cast iron body pumps installed in a large open DBS, showed little or no signs of rust after two years of operation. Bokhoven et al. (2001) described on the contrary, a large close system with plain-steel materials which was clogged after six months of operation. Unavoidable air penetration in the system led to the creation of magnetite (Fe3O4) particles, blocking absorber pipes. Filters were first installed to solve the clogging problem, but the final solution was to maintain overpressure with nitrogen injection (Frank et al., 2014) . Helgesson et al. (2000) noted that in their open DBS, the oxygen content stabilized after one month at a level (1 mg/l) they considered reasonable with regards to corrosion. Another long-term issue which is rarely mentioned is organic matter formation in open systems. An early large open direct DBS with up to 2500 m 2 collector area and 10,000 m 3 storage had to be rebuilt due to algae formation after short operation (Norbäck et al., 1984) . Another large system (120 m 2 of collectors and 600 m 3 storage) built at the same period with a closed direct loop design did not on the contrary encounter any algae or corrosion problems (Roseen and Perers, 1980 ). An additional issue is the comprehension of the freezing threat, which is especially important for DBS with water as HTF, in particular in cold climates. Honikman (1979) proposed a redundant freeze protection including primary and secondary measures. The primary measure is the draining of the circulating fluid from the collectors, once their temperature drops below a certain value. The secondary measure is activated only if the primary measure fails. In this case the circulation fluid circulates through the heat storage and then heats up the collectors. More recently, Van Dam (2009) proposed to use after the stop of the pump(s) a series of short startup of the pump(s) aiming at draining water potentially trapped in the solar collector loop. Another example is a special computer algorithm for DBS, which eliminates the freezing problem at start (Kosok, 2013) . A control unit adjusts the filling process by running successively several short filling -draining processes. The temperature of the drained fluid is measured after each cycle. If this temperature is below a lower threshold value, the filling process is interrupted. The risk of HTF freezing during the filling of a cold pipe was also theoretically investigated by Boye-Hansen and Furbo (1995) . They showed that this effect depends on several parameters, such as the pipe cross-section, the HTF flow rate and obviously the inlet and outside temperatures. According to their results, water at 10 °C would freeze after approx. 32 m with a flow rate of 5 l/min and an ambient temperature of -10 °C, if a 28/25.6 mm copper pipe is assumed. The freezing threat is one of the crucial factors, which can not only cause technical and financial problems, but generate "smear campaigns" against DBS. Therefore a lot of DBS on the market are available with antifreeze, which is another simple solution to avoid the freezing (Botpaev and Vajen, 2014a) .
Finally, the performance improvement of DBS over standard glycol systems was studied by a few authors. TRNSYS simulations validated against measurements showed a solar fraction improvement of 17% for a combisystem located in the Colorado climate, mainly due to the absence of heat exchanger (Goumaz and Duff, 1981) . Leibfried and Strok (2005) found with their DB combi-system an overall solar yield improvement of 11% with simulations. Taken one by one, the absence of heat exchanger was the most impacting parameter (7%), then came the use of water instead of glycol (3%) and the avoided heat losses due to the draining in the evening (3%). Concerning the advantage of water against glycol, Eisenmann et al. (2003) also noted a better performance of DBS due to a higher heat exchange capacity rate. Finally, in their simulations, calculated that DBS would increase the fractional extended energy savings by almost 5%, also because of heat exchanger removal and the use of water as HTF.
The draining process
Once the solar controller turns off the pump(s) or in case of power failure, the draining process occurs automatically. It has a protective function for the DBS, and implies the draining of the HTF from the upper part of the hydraulics into the drainback volume. Empty collectors and hydraulics prevent both HTF overheating during stagnation and frost damages in cold periods.
One of the earliest investigations of the draining process was conducted in the 1980s. Some simple experiments were carried out by Kutscher et al. (1984) in order to determine the range of pipe diameters, which would support a vertical water column of 1 m within a pipe with open cap at the bottom and closed at the top. From those results they proposed to find out whether a vacuum breaker is needed for the draining or if the water can run out by itself due to gravity. They demonstrated that pipes with inner diameter (ID) equal or smaller than 10 mm will not drain, whereas pipes with diameters of 14 and 19 mm empty easily. Further experiments and analytical results showed that stable menisci can form in pipes up to 14 mm ID but not larger than approx. 16 mm. In order to break the menisci either the end of the pipe can be angled cut or a hole drilled a few centimetres above its outlet (Fig. 9) . Fig. 9 . Observations of menisci . Different possibilities to initiate the draining process have been proposed and are summarized in Fig. 10 . The presented hydraulics are simplified as the heat storage is always presented as DB volume. The HTF is coloured red and the air white. Fig. 10a represents the crucial "mechanism" of the draining process. The driving force of the draining process is a difference of hydrostatic pressure between the flow and return pipes, designated with H (Botpaev et al., 2014) . The same authors noticed that the profile of the flow rate over the draining process has a parabolic shape, as the hydrostatic pressure difference has the same tendency. The draining process occurs in opposite direction to the circulation as mentioned in Hapgood (1978) and Seiler (1982) .The drained HTF flowing down in the return side pulls up the water column in the flow side, emptying the system. Therefore almost the whole water amount is drained over the return side due to siphon effect. The first hydraulics considered (Fig. 10a ) leads however to splashing of the circulating fluid during the operation mode (Beasley, 1982) . Besides noise creation, it leads to air bubbles penetration into the DB volume, which might be damageable if then sucked through the pump (Botpaev and Vajen, 2014b) . Therefore, the downward piping is sometimes submerged under the water level in the DB volume as shown in Fig. 10b and c. This solution requires however an additional mechanism to initiate the draining process. One possibility is a drilled hole in the downcomer pipe (Fig. 10b) , whereas applying a motor, solenoid, or check valve is another alternative (Fig. 10c) . Independently from the configuration considered, the device initiating the draining should never be obstructed. Boye-Hansen and Furbo (1995) and Perers et al. (2015) noticed during their experiments that the downcomer was connected too low, close to the HTF level in the drain back volume. As a result, rising water blocked the connection in the middle of the draining phase, creating two air volumes -one in the DB volume and one in the collectors. During cold periods, water could be sucked up in outdoor hydraulics, thus endangering the system. Bliss (1958) was the first to mention a hole as draining "initiator" in a patent from the end of the 1950s (Fig. 11a) . Later, Embree (1981) considered it as an interesting solution to initiate the draining process without moving parts (Fig. 11b) . This hole enables a partial emptying of the downcomer from the hole down to the water level in the storage, when the pump stops. This partial emptying creates the hydrostatic pressure difference, which initiates the siphon draining described above. Bony and Renoult (1999) reported that several drilled holes combined with a bypass piping parallel to the pump accelerates the draining process, reducing the draining time by a factor two. A detail of the flow pipe entering the heat storage is shown in Fig. 11c , where at least one hole has to be positioned above the fluctuating water level in the storage. Buderus Heiztechnik GmbH (2001) patented a similar solution (Fig. 11d, left) , the hole being drilled with the shape of a vertical slot. Furthermore, the end of the piping in the DB tank is proposed to be bent just below the hole as detailed in the two right schemes of Fig. 11d . This shape should reduce the noise due to splashing and vortex in the DB tank. A comparable hydraulics concept is also mentioned in Schalajda and Leibfried (2002) . Menicucci (2011) revealed that a few holes seem to be the most effective approach to eliminate the problem of noise and to foster the draining of DBS. The original drawings of some of these inventions are presented in Fig. 11 . A branched pipe (also called bleeder or vacuum breaker) mounted in the downcomer with sometimes an additional valve (Fig. 10c) is another old approach to initiate the draining process in DBS. In operation mode the motor or solenoid valve is permanently closed, and opens once the pump is stopped. The branched pipe should be dimensioned in a way which allows air to freely pass through anytime when the pump is stopped but should avoid HTF circulation during operation. Bliss (1958) , Embree (1980) and Beasley (1982) proposals are based on inverted U-formed piping without any additional mechanical or electrical devices (resp. Fig. 12a, b and c) . use the same shape with an additional check valve (Fig. 12d) , while Bunksolar (2014) proposes a motor valve (Fig. 12e) . Fig. 12 . Schemes of different hydraulics with a branched pipe indicated with a dark arrow, adapted from (a) Bliss (1958) , (b) Embree (1980) , (c) Beasley (1982) , (d) and (e) Bunksolar (2014) . Abbreviations applied in this figure: C -collector(s), F -flow pipe, R -return pipe, S -heat storage and V -additional DB volume.
Another possibility to initiate the draining process is to utilize an air vent (or vacuum breaker) at the top of the hydraulics. The highest point of the vent allows a splitting of the circulating fluid during the draining into two water columns (Fig. 10d) . Splitting the flow makes the draining process easier and faster (Botpaev and Vajen, 2014b) . There is no siphon draining anymore and each water column is drained separately. The vent can be connected either to the ambient or through a vent line to the air volume in the DB volume. Hayes and Shikasho (1977) applied the latter to closed DBS (Fig. 13a) . There was at the end of the 1970s a real boom of patented inventions with vacuum breaker at the top for the fostering of the draining process. Different devices were applied for this purposes, such as a solenoid valve (Krumpe, 1978) (Fig. 13b) , a vacuum relief valve (Honikman, 1979) (Fig. 13c) , a floating valve (Baardman, 1979) (Fig. 13d) and (Prieur, 1980a) , an air pipe (Busch et al., 1979) , an air vent (Scharf et al., 1980) or a membrane device (Oquidam, 1980) for DDS. Preventing a siphon formation during the filling process by means of oversized flow pipe diameter will cause a similar "two columns draining", speeding up the emptying process (Kratz and Van Dam, 1999) . Fig. 13 . Schemes of different hydraulics with a vacuum breaker at the top indicated with a dark arrow, adapted from (a) Hayes and Shikasho (1977) , (b) Krumpe (1978) , (c) Honikman (1979) and (d) Baardman (1979) . Abbreviations applied in this figure: C -collector(s), F -flow pipe, R -return pipe, S -heat storage and V -additional DB volume.
A plenty of technical solutions towards initiation and fostering of the draining process have been described in this section. Many issues concerning optimal DB system design were extracted from patents, but there is a lack of scientific publications on this topic. A comparison of different draining methods, the influence of HTF properties and pipe parameters still have to be clarified; indicators to quantify the quality of the draining behaviour should also be developed.
Components and materials for DBS
The economic competitiveness of DBS has from the beginning attracted manufacturers and scientists to undertake further development of this technology. In his search for a low-cost solar water heating (SWH) system, Kutscher (1985) selected the DB configuration, for its high reliability (lower needs for maintenance), fewer components (solenoid and check valves are not necessary) and the potential use of cheaper components due to the low pressure in the solar collector loop. In the 2000s, DBS were still a way to achieve low-cost systems, using cheap materials, avoiding components like the pressurized expansion vessel or resorting to water as HTF (Stork and Siegemund, 2001; Thiesen, 2009) . If the potential for cost reductions with DBS is high, as it was highlighted in a study from due to the possibilities described above, they are not always the ultimate solution selected to drop down system costs (Hudon et al., 2012) . Section 4 focuses on presenting the current state-of-the-art of hydraulic components for DBS and the specific requirements they have to fulfil. The use of new or cheaper materials for DB applications is closely tied to this research area. Indeed due to their intrinsic qualities, DBS are for instance particularly favourable towards polymer materials (Suter et al., 2003) .
Collectors
The assortment of applicable collectors for DBS is limited, as they are not always designed to be drained (Suter et al., 2003) . For flat plate collectors, a downward pitch of the absorber channels is required. A meander flow pattern with safe slope (zig-zag) all the way is a solution (Hapgood, 1978; Hasenmaier, 2002; Leibfried, 2004) or a harp design with pitched header pipes (Hapgood, 1978; Hasenmaier, 2002) . Double plate (Sandler, 2004; Rekstad, 2012; Leibbrandt et al., 2014) or roll bond (Wagner & Co. Solartechnik GmbH, 2006; Hermann, 2008) absorber flow patterns can easily be designed and manufactured for a safe draining. This also helps air venting in a glycol system and might be standard for all collectors in the near future. ETC may also be utilized in DB systems, with heat pipes (Perers et al., 2015) or with the manifold located at the bottom in case of direct flow (Frissora, 1981) . Perers et al. (2015) also reported that monitored ETC did not show signs of degradation after hundreds of "dry" stagnation cycles.
The mounting is also an important issue, as a wrong slope direction causes water to stay in some parts of the collector and may lead to freeze damages. Remaining water can also create high steam pressures for some period, if it starts to boil during stagnation. This may push water out of the system via the safety valve and new water has to be refilled again (Andersen, 1988) . Connecting several collectors together requires a specific attention to ensure a smooth functioning of the system. Collectors with outlet and/or return pipe located at the back are not suited for series connection. For parallel connection, it is preferable to minimize the length of the pipes connecting the collectors to the main pipe (Suter et al., 2003) . Kaiser et al. (2013a) investigated several configurations with flat plate collectors and concluded that meander collectors connected in parallel is the most favourable option with regards to draining behaviour.
Furthermore the development of plastic collectors is often associated with DBS. The low pressure in the solar collector loop is indeed a strong advantage for the durability of polymer materials (Kahlen et al., 2010; Kaiser et al., 2013b) . EPDM collectors have been tested in combination with the DB concept for a long time (Perers, 1988; Bertram et al., 2006) . More recently, so-called engineering or high performance polymers have also been proposed (Kahlen et al., 2010; Rekstad, 2012) .
Heat storage
Conventional heat storages are often used with DBS. However, the configuration with a load side heat exchanger offers the possibility to directly circulate the HTF from the storage in the solar collector loop. When open to the ambient, such systems are closely related to polymeric heat storage application, as most of them are pressureless tanks (Fischer et al., 2012) . Materials such as PP (Brunold et al., 2012) , EPDM rubber (Perers, 1988) or fibreglass (Bachmann et al., 2007) have already been tested in combination with DBS for storage. One of their main advantages pointed out by the authors, is their ease of installation in existing buildings, where large conventional stainless steel tanks can hardly be applied due to their non-flexible dimensions.
Combining DB and plain-carbon (mild) steel tanks is in any case not recommended (Frank et al., 2014) , the inevitable presence of oxygen discussed before corroding the material (Bokhoven et al., 2001) . Nevertheless resorting to such low cost materials is possible, in combination with an additional thin-film polymeric liner . With this solution, Kutscher et al. (1984) even proposed a wooden-based storage. A low-cost 2 m
Drainback tank
The application of an external DB tank in collector-side heat exchanger configuration is a specificity of DBS hydraulics. Botpaev and Vajen (2014a) identified a significant plurality of designs for the reservoir on the market, where stainless steel and polymers are the most commonly used materials. The location of this tank is rather important as it was explained in section 2.3.5 as it determines the static head to be overcome by the pump (Vögelin, 2005; Mugnier et al., 2011 ). Seiler (1982 suggested mounting the DB tank parallel to the flow side, therefore there is no flow through this tank during operation mode. Van Dam and Overman (1994) integrated the DB tank at the bottom of the heat storage.
The DB tank must be able to store the total volume of HTF contained in the collectors and outside piping. In practice it needs to be over-dimensioned (Suter et al., 2003; Mugnier et al., 2011 ). Indeed, the water level in the DB tank plays an important role as it was highlighted in section 3.2 according to the works of ASHRAE (1990) and Botpaev and Vajen (2014b) . The water level inside the tank should be regularly observed and maintained in the recommended range. For this purposes a sight glass is usually installed (Botpaev and Vajen, 2014a) .
Pumps
Pump dimensioning and electric consumption has always been a special concern in DBS, due to the presence of the elevation head. The pump needs to overcome this static head at the start and during operation in case of a nonsiphonic flow. A primary solution consisted in oversizing single speed centrifugal pumps, in order to overcome the elevation head and successfully accomplish the filling process; the pump is thus not always running at its optimum operating point (Tully, 1981a) . One can also notice that for low-flow DBS the elevation head is an even sharper issue as the pump might at the same time enable a high lift head but with a low-flow operation range. No research has been found in this direction. On the contrary, DBS with water as HTF contribute to reduce the pump energy consumption during operation, due to a lower viscosity of water compared to glycol mixtures (Eisenmann et al., 2003; Suter et al., 2003) . Detailed comparisons on this issue still need to be carried out. Kutscher et al. (1984) analysed the pump efficiency, the operating conditions and the strategies to decrease parasitic energy consumption. The authors reported several ways to reduce operating costs, either by using more efficient pumps, applying a two-speed pump, two pumps in series or by modulating the speed of the pump with a controller. Tully (1981a) uses also several identical pumps in series and turns one off when the filling phase is terminated. Circulating a fluid through a shut-off pump might however lead to faster degradation, which has to be clarified. The ratio of the solar energy yields to the electricity consumption of the pumps was experimentally calculated by Muntwyler (2006) in a system with a start "booster" pump and a circulation pump in series. The evaluated DBS with collector area between 5 and 15 m 2 produced between 10.4 and 24.8 times more energy than the energy consumption of the pumps, depending if the booster pump was stopped or not after the filling process. In the former case, the booster pump was running only 2.5% of the time. Some authors also emphasized the necessity to respect the NPSH of the pump to avoid cavitation, as most DBS are unpressurized (Suter et al., 2003) . This height is given by the water level in the DB volume (Mugnier et al., 2011) .
Positive displacement pumps could be an alternative to conventional centrifugal pumps. They provide a nearly constant flow rate at fixed speed, regardless of the system pressure or head. Buderus Heiztechnik GmbH (2000) presented such a solution but added a particles filter to avoid the blocking of the pump. The filter additionally reduces the noise level, which is one of the drawbacks of these pumps. A further drawback is that they do not allow back-flow in comparison with conventional centrifugal pumps. A by-pass with a check valve is a solution in such case (Suter et al., 2003) . Finally Mugnier et al. (2011) proposed as alternative to the two pump types described above the use of air cooled pumps.
Heat transfer fluid
As detailed in section 2.1, one of the interests of DBS is the possibility to use water as HTF even in cold climates. Corrosion being an important issue with DBS, the use of inhibited or distilled water might be a solution (Kutscher, 1985) .
Nevertheless, there is a tendency to employ glycol/water mixture also for DBS, in order to prevent costly damages caused by installation mistakes (Thiesen, 2009; Mugnier et al., 2011; Frank et al., 2014) . Experience shows that glycol does not noticeably deteriorate in DBS (Frank et al., 2014) . Glycol decomposition at high temperature in non-DB systems leads to the formation of corrosive products, requiring its replacement (Goumaz and Duff, 1981) .
4.6. Piping 4.6.1. Materials The large majority of SWH systems are currently built with copper pipes (Hudon et al., 2012) . For DBS, the use of plastic material for piping has also been presented as advantageous notably in order to achieve cost reductions. Polybutylene (PB), chlorinated polyvinyl chloride (CPVC) ) and more recently cross-linked polyethylene (PEX) (NABCEP, 2012) have been proposed for use in combination with DBS. One of the main issues with these polymers is their maximum continuous temperature withstanding capacity, in the range of 82-99 °C depending on the materials Hudon et al., 2012; NABCEP, 2012) . Other drawbacks mentioned by these authors are the low UV stability, the higher risk of sagging (depending on mechanical properties) and the performance of the fittings, not always made in an appropriate material. Corrugated stainless steel pipes might be used too; however their flexibility also increases the risk of water pockets creation and therefore problems with draining and filling of the system (Perers et al., 2015) . As with plastic, the risk of sagging can be reduced by decreasing the spacing between the supports , obviously increasing the costs. Another solution is to develop frost withstanding materials. Recent research showed that some PEX pipes are able to resist at least 500 freezing cycles (Hudon et al., 2012) . Further investigations to understand the real causes of freeze damages could help developing safe prevention methods in this direction.
With plastic pipes, there is the necessity of a metallic transition pipe between the collectors and the main piping to avoid damages during collector stagnation. The Solar Rating & Certification Corporation (SRCC) recommends a minimum of 0.9 m of uninsulated copper pipe (NABCEP, 2012) as transition with PEX, while detailed heat balances from showed that for a stagnation temperature of 200 °C, 0.33 m of uninsulated copper pipe, or 0.78 m of insulated copper pipe are enough to avoid critical temperatures along the plastic pipe. The latter solution is preferable to limit heat losses.
Slope
The recommended minimal slope of the piping in order to favour the draining was summarized by Botpaev and Vajen (2014a) . Based on the values given, one can notice that the proposed range is wide, from 1 cm/m (Bokhoven et al., 2001; Suter et al., 2003) to 10 cm/m as given by an Australian company (Rheem, 2012) . Boye-Hansen and Furbo (1995) and Botpaev et al. (2014) even noticed that horizontal pipes would not hamper the draining. They also highlighted that a small amount of water always remains in the hydraulics. This necessity to build systems with continuous slope is certainly one of the main barriers for DBS, as installers are not always aware of the specific issues at stakes with DBS (Suter et al., 2003; Frank et al., 2014) .
Dimensioning
The strategies for dimensioning the pipes are very important for the filling and draining processes as described in section 3. They can widely differ depending on the authors. The critical part in the system is the flow pipe, which should not be too small, or it would hinder the draining but also not too large so that the HTF flow is able to completely remove the air at the start (Suter et al., 2003) . The same authors note that in practice a good compromise is a flow pipe with a diameter one size smaller than the return pipe.
On the contrary, for large systems with several rows connected in parallel, the siphon effect has to be prevented for faster draining and equal flow distribution in the different rows. Kratz and Van Dam (1999) recommend therefore to oversize the flow pipe in order to maintain a mixed air-water flow in the downcomer.
Control units
Similarly to SWH systems, DBS can be controlled in different manners. Some are based on pure temperature measurements (Tully, 1981a; Boye-Hansen and Furbo, 1995) while other prefer a combination of irradiation and temperature data (Mugnier et al., 2011) . In all cases, the control of the pump(s) is based on a hysteresis function, the temperature (or irradiation) difference (or threshold value) at start being higher than for shut-off. Boye-Hansen and Furbo (1995) recommend for instance a start temperature difference of 10 K and turn the system off when it falls down to 2 K.
Due to the peculiarity of DBS and the necessity to overcome the static head at the start, it is common that the pump(s) is (are) started at a high speed, which is then decreased. The length of the start phase varies depending on the system, but is usually rather short, 30 s (Boye-Hansen and Furbo, 1995) or 3 min as revealed in Muntwyler (2006) . In order to optimally control DBS at start, Dietz (2006) came up with a control based on the measurement of the filling time with a temperature sensor in the flow side, potentially enabling to adapt the length of the start phase for any system. Qin (1997) reported that for a system where it was not possible to get completely rid of air in the collectors a control strategy consisting in stopping the pump 20 s every 15 min was applied. The efficiency of this method was however not further documented.
Conclusions
This review showed the availability of a limited number of studies concerning DBS. Findings of appropriate literature in scientific journals have not been satisfactory as only few papers on DBS are published. Patents, on the contrary, have been found to be the largest source of useful publications on DB. Numerous designs of DB/DD systems have been proposed during the last decades. All are active systems with the exception of the DD thermosiphon system. Currently, there are at least 50 different configurations of DBS available on the global market and most of them are indirect systems with a preference for collector-side heat exchangers.
The nature of the DB concept renders its operation quite different from standard pressurised solar heating systems. Three operating modes: filling, operation and draining, are key features of a DBS. Whereas the complete filling of the entire hydraulics ensures a proper system operation, a failsafe draining guarantees the safety of the system. From the filling side, air "cleaning" velocities for siphon establishment were investigated several times in the literature, showing non-homogeneous results. However, siphonic filling can be problematic for large systems with many parallel loops. Therefore, a filling without siphon formation has been proposed in this respect. The operation itself also requires careful attention, especially because of the typical underpressure at the top of the hydraulics, and in order to avoid air entrainment through the pump(s), valves and pipe joints. Concerning the draining, several technical solutions have been developed such as the presence of a hole in the flow pipe, the use of a branched pipe, or a vacuum breaker. In addition to theory, these processes are highly influenced by parameters such as the pressure drop, the piping design and the reliable air venting of the collector loop. The mounting with continuous slope and close enough fixing that avoid sagging over time are also suggested as important. This requires specific learning and training packages for installers and designers.
The review revealed that research on DBS is often linked with the development of new components or solar heating systems as a whole. The unpressurised solar collector loop and the use of water as HTF offer unique opportunities. Simpler hydraulic designs are notably enabled as well as the utilization of cheap materials such as polymers. It was however also highlighted that all standard solar components are not compatible with the DB design as they might hamper a proper draining.
Going through this in-depth review, several issues which have barely or insufficiently been addressed were identified. The development of components specifically designed for DB applications is necessary if the technology wishes to become more widely adopted. In this regard, drainable collectors (especially for large systems) as well as appropriate pumps require more attention. Another field concerns the physical phenomena at stakes during the filling, operation, and draining stages of a DBS. Further research should be carried out for a deeper understanding of their features. It would also benefit DBS to develop methods to evaluate the draining behaviour of the systemboth after commissioning and during maintenance. It is to emphasize that no specific study has been found concerning the durability of DBS. The impact of long stagnation periods on the collectors remains one aspect that could be investigated. More specifically for open systems, the risks of corrosion or organic matter formation should be further explored.
Cost reduction and durability enhancement of solar heating systems through hydraulics and the application of new components and materials have been and remain the main "driving force" of research interest in DB. The few publications focusing on the actual cost reductions enabled by DBS suggest that the potential for cost performance improvement is significant. As this topic is vital for the solar thermal field, there should be an enhanced interest in this technology, which might gain market shares in the future.
